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Regardless of the reasons for target-
ing via retrograde extension, it will be 
interesting to determine the molecular 
mechanisms that underlie this process. 
By identifying key components of the 
dendrite anchoring machinery, Heiman 
and Shaham have shown that looking for 
these mechanisms in the tiny nematode 
is a fruitful endeavor.
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Planar cell polarity (PCP) regulates the orientation of cells in epithelia and of mesenchymal cells 
during gastrulation. In this issue, Narimatsu et al. (2009) report that the Smurf E3 ubiquitin ligases are 
required for localized protein degradation of a core PCP factor to generate cellular asymmetry.Establishment of cellular polarity is an 
important feature of organ development 
and function. Epithelial apical-basolateral 
polarity allows tissues to perform vecto-
rial functions, like the transport of fluid 
or directed secretion of specialized com-
ponents. In addition, epithelial tissues 
acquire a second polarity axis within the 
epithelial plane, referred to as planar cell 
polarity (PCP). PCP was discovered in 
the fruit fly Drosophila and much of what 
we know about PCP comes from stud-
ies in flies (Seifert and Mlodzik, 2007; 
Strutt, 2003). In vertebrates, processes 
requiring PCP signaling include skin and 
body hair orientation, polarization of 
sensory epithelia in the inner ear, and the 
directed movement and intercalation of 
mesenchymal cells during gastrulation 
(Wang and Nathans, 2007). How individ-
ual cells coordinate their orientation over 
hundreds of cell diameters is a fascinat-
ing biological problem. Although much 
progress has been made, the molecular 
mechanisms that establish PCP are still 
far from being understood.
In this issue of Cell, the labs of Atti-
sano and Wrana provide an elegant 
analysis of Smurf1 and 2 in the mouse, demonstrating that these E3 ubiquitin 
ligases are critical to the establishment 
of PCP mediated by the Wnt receptor 
Frizzled (Fz) (Narimatsu et al., 2009). 
The authors show that loss-of-function 
mutations in the Smurf1 and Smurf2 
genes of mice cause PCP defects dur-
ing convergence and extension in gas-
trulation and misalignment of sensory 
cells in the cochlea. These phenotypes 
are surprising given that the Smurf 
ligases were originally linked to the reg-
ulation of signaling by the receptors for 
transforming growth factor β and bone 
morphogenetic protein. At the molecu-
lar level, the Smurfs are recruited via 
Dishevelled (Dvl), a downstream effector 
of Frizzled receptors, to core PCP pro-
tein complexes that include the polarity 
protein Par6. This interaction leads to a 
Smurf- and Dvl2-dependent degrada-
tion of Prickle (Pk1). Strikingly, in the 
Smurf mouse mutants, the characteris-
tic asymmetric subcellular localization 
of Prickle1 is lost in cochlear hair cells 
and the neuroepithelium, indicating that 
Smurf-dependent localized degradation 
of PCP components plays a critical role 
during the establishment of PCP.Cell Evidence for an antagonistic relation-
ship between the Dishevelled (Dsh; Dvl in 
mammals) and Prickle proteins within the 
Frizzled-Van Gogh (Vang) core PCP group 
has been suggested by prior work. A neg-
ative effect of Drosophila Prickle on Dsh 
localization has been documented (Jenny 
et al., 2005; Tree et al., 2002), whereas a 
negative effect of Dsh/Dvl on Prickle has 
been suggested but not yet shown. In the 
current study, Narimatsu and colleagues 
provide support for the hypothesis that 
Dishevelled antagonizes Prickle and, 
importantly, add mechanistic insight into 
how the Frizzled and Vang complexes pro-
mote their mutually exclusive asymmetric 
subcellular localizations (Figure 1).
In Drosophila, prior to the initiation 
of PCP signaling, all core PCP fac-
tors of the Frizzled-Vang group colo-
calize in a ring at the apical cortex of 
epithelial cells (Seifert and Mlodzik, 
2007; Strutt, 2003). Although not yet 
shown, it is very likely that this is also 
the case in vertebrates. The molecular 
interactions among the Frizzled-Vang 
group then lead to the stable formation 
of two complexes at opposing ends of 
each cell, along the respective axis of 137, April 17, 2009 ©2009 Elsevier Inc. 209
polarization. On one side the 
Frizzled-Dsh-Dgo (Diego, 
Diversin in vertebrates) com-
plex forms, and on the other 
side of the same cell the 
Vang-Prickle complex forms 
(Figure 1A). These com-
plexes are thought to antag-
onize each other intracellu-
larly and stabilize each other 
across adjacent membranes 
(Tree et al., 2002). The trans-
membrane proteins Friz-
zled and Vang serve as the 
membrane-anchoring units 
(Figure 1). In the absence of 
either, the respective cyto-
plasmic components are lost 
from the membrane (Seifert 
and Mlodzik, 2007; Strutt, 
2003). Although the equiva-
lent model has not been 
addressed in detail in ver-
tebrates, studies of Dsh/Dvl 
and Prickle during zebrafish 
gastrulation support a very 
similar scenario (Ciruna et 
al., 2006; Yin et al., 2008).
The analysis of the Smurf1/2 
interactions with Dsh/Dvl reveal 
new features of PCP signal-
ing. The association between 
Smurf and Dvl is dependent 
on the phosphorylation of Dvl, 
which is further supported 
by the observation that a PCP-signaling-
specific Dsh/Dvl mutation (derived from a 
Drosophila allele) abrogates the associa-
tion between Dvl and Smurf (Narimatsu et 
al., 2009). Importantly, Wnt5 induces Dvl 
phosphorylation via Frizzled in mammalian 
cells, and during Drosophila PCP signaling 
Dsh is hyperphosphorylated in a Frizzled-
dependent manner (e.g., Klein et al., 2006). 
These data suggest that the initial interac-
tions between the core PCP factors Dsh/
Dvl and Prickle are modified by phospho-
rylation, which permits the recruitment of 
factors like Smurf proteins, changing the 
dynamics and stability of the PCP protein 
complexes.
In addition, Narimatsu and colleagues 
identify Par6 as an essential mediator of 
Prickle1 degradation. In contrast to the 
Dvl-Smurf2 interaction, which is depen-
dent on phosphorylation, Par6 binding 
to Dvl is constitutive. Consequently, the 
phosphorylation of Dvl leads to the for-
mation of a trimeric complex in which 
Par6 and Smurf are brought together 
through their interaction with Dvl (Fig-
ure 1C). This complex can then inter-
act with Prickle1, either through Dvl or 
Par6 as both appear to bind to Prickle1 
independently, a finding consistent with 
earlier studies in Drosophila showing 
direct binding of Dsh to Prickle (Jenny et 
al., 2005). The main role of Par6 in the 
complex is to stimulate the ligase activ-
ity of Smurf, as efficient ubiquitination of 
Prickle1 is only observed in the presence 
of wild-type Par6. As a result of these 
interactions and ubiquitination, polar-
ized localization of Prickle1 is generated. 
Accordingly, in Smurf1/2 mouse mutants, 
the polarized localization of Prickle1 is 
lost in the ear sensory cells and the neu-
roepithelium during formation of the ner-
vous system. In particular, in the cochlear 
cells the asymmetry of the Prickle1 cres-
cent is complementary to the reported 
localization of Dsh (Wang et 
al., 2006), suggesting that as 
is the case in Drosophila or 
in mesenchymal cells dur-
ing gastrulation, the localiza-
tion domains of Prickle1 and 
Dsh/Dvl are complementary. 
Thus, the phosphorylation-
induced recruitment of Smurf 
to a Dvl-Prickle1 complex is 
critical for PCP establishment 
because it leads to a localized 
degradation of Prickle1 and 
thus asymmetry and polarity 
of Prickle1 localization. Given 
that Prickle also antagonizes 
Dsh/Dvl localization through 
an as yet unknown mecha-
nism (Jenny et al., 2005; Tree 
et al., 2002), a stable asym-
metry is generated with each 
complex on opposing ends of 
a given cell (Figure 1).
Is this mechanism a gen-
eral feature of PCP establish-
ment? Dsh phosphorylation 
is a well-documented event 
during PCP signaling in Dros-
ophila (e.g., Klein et al., 2006). 
Although in Drosophila it is not 
known whether Wnt-family 
members are required to trig-
ger the onset of PCP signal-
ing (in contrast to vertebrates 
in which Wnt5 and Wnt11 are 
dedicated noncanonical Wnts), the cor-
relation of Dsh phosphorylation with the 
onset of PCP signaling does suggest a 
similar mechanism in flies. An analysis 
of the Smurf mutants and conserved 
phosphorylation events in Drosophila 
could support the existence of a general 
mechanism.
Narimatsu et al. (2009) identify pro-
tein degradation as a major factor 
contributing to the polarized localiza-
tion of PCP proteins in the cell. The 
addition of ubiquitin ligases to the 
molecular repertoire of PCP-signaling 
complexes is an exciting step forward. 
It provides mechanistic insight into the 
nature of the antagonistic interactions 
between the core PCP complexes. 
With these new players available for 
study, very specific questions can be 
asked, creating new opportunities to 
further dissect mechanistic aspects of 
PCP signaling.
figure 1. Antagonism between Dishevelled and Prickle
Top view of wing cells in the fruit fly Drosophila (A) and a cochlear sensory 
cell in the mouse inner ear (B). Initially, both the Frizzled-Dishevelled-Diego 
(Fz-Dsh-Dgo) complex and the Van Gogh-Prickle (Vang-Pk) complex colocal-
ize at the apical cortex of cells during development (early stages have only 
been analyzed in Drosophila); subsequently these two complexes segregate 
to opposite sides of the cell.
(C) Summary of the protein-protein interaction events among the proteins that 
dictate planar cell polarity (PCP). Binding of Smurf to Dishevelled (Dsh in flies; 
Dvl in mammals) is phosphorylation dependent. Phosphorylation of Dsh/Dvl 
is induced by binding of Wnt to the Frizzled receptor; the kinase mediating 
the critical phosphorylation event is not known. Smurf E3 ubiquitin ligases are 
required for localized degradation of Prickle1 (Pk1).210 Cell 137, April 17, 2009 ©2009 Elsevier Inc.
RefeRences
Ciruna, B., Jenny, A., Lee, D., Mlodzik, M., and 
Schier, A.F. (2006). Nature 439, 220–224.
Jenny, A., Reynolds-Kenneally, J., Das, G., Bur-
nett, M., and Mlodzik, M. (2005). Nat. Cell Biol. 7, 
691–697.
Klein, T.J., Jenny, A., Djiane, A., and Mlodzik, M. 
(2006). Curr. Biol. 16, 1337–1343.DNA double-strand breaks are frequent 
byproducts of the DNA replication pro-
cess, yet overt activation of the DNA 
damage checkpoint is generally not 
associated with progression of cells 
through S phase. The prevailing concept 
of checkpoint regulation posits that acti-
vation of the checkpoint kinase Mec1/
ATR—and the result of this activation 
such as suppression of replication origin 
firings—is promoted by single-stranded 
DNA. The apparent lack of interest on the 
part of the checkpoint pathway in DNA 
replication-associated double-strand 
breaks raises interesting questions. One 
strand of the double-strand break must 
be resected to create single-stranded 
DNA. Are the double-strand breaks that 
arise in S phase simply not resected? 
What is the fate of a replication fork that 
encounters a double-strand break?
These questions are examined by 
Doksani et al. (2009) in this issue of Cell. 
They use the HO (homothalic switch-
ing) endonuclease of budding yeast in 
which a double-strand break is induced 
at a single DNA site. In this version of 
the HO endonuclease system, the HO 
site is adjacent to ARS305, an efficient 
and early origin of replication (Newlon et 
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al., 1993). Transient activation of the HO 
endonuclease concomitant with entry of 
yeast cells into S phase did not markedly 
alter the kinetics of progression through 
S phase. Mec1-dependent phospho-
rylation of Rad53 (a checkpoint kinase 
required for cell cycle arrest in response 
to DNA damage) was not observed until 
80 min later, well after cells had com-
pleted S phase. This was not due to a 
lack of resection, as the authors showed 
that the rates of double-strand break 
resection in S phase cells did not appear 
to differ substantially from that in G2 
phase cells. The failure to see Rad53 
activation until 80 min after break induc-
tion fits nicely with previous observa-
tions: roughly 10 kb of single-stranded 
DNA is required to elicit the checkpoint 
response (Vaze et al., 2002), and the 
rate of resection of an HO endonuclease 
break is roughly 4 kb/hr (Fishman-Lobell 
et al., 1992). In other words, it should 
take about 80 min to get enough single-
stranded DNA to activate Rad53 (?4 kb 
of resection in each direction results in 
?10 kb of single-stranded DNA).
Does this mean that a lone double-
strand break has no effect? Not exactly, 
but the effect is entirely unexpected. The 
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specific double-strand break investi-
gated by Doksani et al. did not exert a 
global effect on the yeast population in 
S phase. But Doksani and colleagues 
also looked locally, using two-dimen-
sional gels to examine not only origin 
firing but also progression of the DNA 
replication fork close to the break site. 
The replisome (the complex of proteins 
at the origin that carries out DNA repli-
cation) does not appear to pause as it 
closes in on the break site, nor does it 
appear to restart on the other side of the 
break site. Presumably, this means that 
the replisome disengages from the DNA 
once the fork reaches the break (Figure 
1). Of course, each time an origin fires, it 
produces two sister forks that proceed 
away from each other in opposite direc-
tions. The possible existence of “replica-
tion factories” in which the replisomes 
of the diverging sister forks proceed in 
a coupled manner (Kitamura et al., 2006) 
suggests that disengagement of one sis-
ter replisome at the break would exert an 
effect on the other. However, as Doksani 
et al. showed, this does not appear to be 
the case, as progression of the 305L fork 
replisome continued unabated long after 
its sister fork, 305R, had disengaged 
reaking Point
forks can be detrimental to the 
e the impact of a single double-
myces cerevisiae.
